The establishment and management of protected areas has become a universally accepted way to conserve biodiversity, and the wide range of goods and services they offer. Using the environmental vulnerability index (EVI), devised by the South Pacific Applied Geoscience Commission (SOPAC) and the United Nations Environment Program (UNEP) as the theoretical framework, a vulnerability assessment model was developed and used to assess the vulnerability of Bach Ma National Park. The model utilizes spatial multi-criteria decision analysis, combined with a geographic information system (GIS) platform, and can be generalized to assess the vulnerability of other national parks in Vietnam. This paper illustrates the case of Bach Ma National Park in Central Vietnam. The park is threatened by a high loss of biodiversity, particularly through hunting of wildlife for local consumption and trade, the illegal extraction of timber, and the collection of non-timber forest products.
Introduction
This paper outlines a deductive vulnerability assessment model developed for the case of Bach Ma National Park (BMNP) (Figure 1 ). In environmental assessment, multiple criteria decision analysis (MCDA) provides strong techniques for defining and structuring problems, as well as evaluating and prioritizing alternatives. The Analytic Hierarchy Process (AHP), developed by SAATY (1987) , has been widely applied to various disciplines such as economy, human resource management, land-use planning, risk assessment, and environmental management. Furthermore, Geographic Information Systems (GIS) are well known as spatial decision support systems, which can be used for the analysis, management, and presentation of spatial data. As such, GIS-MCDA is a strong technique for integrating spatial data and value judgments, to gain useful information for making appropriate decisions.
Protected Areas in Vietnam
National parks contribute to national well-being, provide resources for education, and deliver economic benefits, both to communities living close by and to the major development sectors. Countries in transition face the challenge of promoting development while presserving national resources. Before the land reform and the introduction of the Doi Moi policy, almost all uplands and forestry lands in Vietnam were under collective or state farm management. However, due to the state's inability to prevent illegal use of forest resources, a considerable amount of land was under open access, with no management regime imposed. In the movement from state to privately managed forests, many policies and programs were created to make significant gains in protection of land cover resources. Generally, however, the problems of forest protection and management still persist, and are aggravated by the rapidly growing population and social-economic transformations.
Fig. 1:
Case study area -Bach Ma National Park (background: shaded relief map)
Methods and Data Processing

Vulnerability Assessment Methodology
Vulnerability can be considered as the tendency for an entity to be damaged . Vulnerability assessment provides an important guide towards sustainable management. It helps build awareness and prevent risk. Assessing the vulnerability of any system (environment, social and/or economic) therefore not only focuses on risk factors, but also on understanding how adaptive the system is to any stressors or hazards.
Environmental vulnerability is different from vulnerability of anthropogenic systems because the environment is complex, with different levels of organization, from species to interdependent ecosystems, and the complex linkages between them (UNEP 2003, RAN-NOW et al. 2014) . As protected areas naturally contain a variety of species important for biodiversity, the vulnerability assessment in this study especially focuses on those species, which are either threatened, and / or regarded as vulnerable in the BMNP's red data list of threatened species. Building upon the environmental vulnerability index (EVI) of the South Pacific Applied Geoscience Commission (SOPAC) , the assessment protocol of National Oceanic and Atmospheric Administration (NOAA 1999) , and experience in environmental vulnerability research in Vietnam (MAI et al. 2009 ), the model for vulnerability assessment of the BMNP was developed.
In this study, vulnerability is defined as a function of three components: Vi i j j = f (aDx i y j , bVx i y j , cAx i y j )
In which, 1) Dx i y j : driving forces -the hazards that directly impact the BMNP.
2) Vx i y j : vulnerable objects -spatial density and distribution of vulnerable objects (population, properties, resources, ecosystems ...).
3) Ax i y j : adaptive capacity -objects, which increase or decrease adaptive capacity; x i y j represent the coordinate system, and a, b, c are the weights of the components.
AHP Approach
An expert interview-based vulnerability methodology is a very strong tool for collecting and analysing vulnerability, for conducting an effective and context-specific vulnerability assessment. Following previous GIS integration uses, the AHP was chosen to prioritise the GIS information (BOTTERO et al. 2013 ).
The Analytic Hierarchy Process (AHP) is a multi-criteria decision method that uses hierarchical structures through pairwise comparisons to present a problem, and then develop priority scales based on judgements of experts. Problems are broken down into their smaller and smaller constituent parts, and then decision makers are guided through a series of pairwise comparison judgments to express the relative intensity of impact of elements in the hierarchy (SAATY & KEARNS 1991) . The expert makes pairwise comparisons between the different criteria to obtain these values of weights. When he/she compares a set of criteria with each other, a square matrix is produced, and has reciprocal properties.
In practice, a perfect consistency in measurement is difficult to attain. However, we have measures to assess the extent of deviation from consistency.
The consistency index (CI) for each matrix can be calculated by formula:
where n is number of criteria being compared. For a reciprocal matrix, λ max ≥ n.
If we divide the CI by the random consistency number for the same size matrix, then we obtain the consistency ratio (CR):
where RI is the average value of CI values for random matrices using the Saaty scale (Table 1) . CR indicates the amount of allowed inconsistency. Higher CR means that the comparisons are less consistent. Smaller CR means comparisons are more consistent. CR = 0 means that the result is perfectly consistent. If CR ≤ 0.1 (10%), then the results are consistent and we can obtain the final overall rating (Saaty 1980 ).
Based on SAATY (1980) , to make an AHP decision, we first need to define the problem, as well as the need and purpose of the decision, and establish criteria and their sub-criteria to generate alternatives. After that, an AHP hierarchy is developed by constructing pairwise comparison matrices, calculating eigenvalue λ max , eigenvector ω, consistency index (CI), and consistency ratio (CR).
A scale from 1 to 9 is used to determine the relative preferences between two elements in the hierarchy in matrix A (SAATY 1990) (see Table 2 ). Aggregation judgment matrices of the group experts are calculated by:
Nine experts involved with the management of BMNP were chosen from a range of disciplines and backgrounds (see Table 3 ). Questionnaires were pre-tested with experts from BMPN. The data from each expert interview was analyzed in detail, and a pairwise comparison matrix was applied to calculate eigenvalue λ max , eigenvector ω, and consistency ratio (CR). Finally, aggregation of all nine judgments was calculated using the geometric mean method.
GIS-AHP Integration
Parameters that reflect vulnerability are very important to be determined and selected. After selecting all suitable parameters, they are aggregated according to appropriate weightings. Such combinations of all the information have been greatly aided by the introduction of GIS capabilities and the integrated spatial multi-criteria approach. With these techniques, storing multidisciplinary data and examining the interrelationships can be digitally performed at various scales (BURROUGH & MCDONNELL 1986) . Figure 2 shows the overall approach used in this study. For handling geographic information, all of necessary spatial databases were selected, for example, the spatial datasets on threatened species distribution within BMNP. Next, expert interviews were carried out in order to assign weight to the criteria for the AHP process. A map layer was created to represent each criterion and all of those criteria layers were then weighted based on the result of weighting criteria in the AHP process, and using the weighted map algebra tool in GIS. All of the criteria layers were then aggregated and overlaid to produce the final spatially explicit mapped results.
Fig. 2:
GIS based Multi-criteria Decision Analysis (MCDA) Approach
Fig. 3:
Applying GIS to create the model of assessing vulnerability for BMNP Figure 3 , shows in detail the vulnerability decision model obtained from combining GIS with AHP to create the weighted map of all assessed components of vulnerability for BMNP. Firstly, spatial data were selected, including digital maps and satellite imagery (ASTER GDEM). Three hierarchical levels of vulnerability assessment for BMNP were developed. The first level consisted of three components: driving forces, vulnerable objects, and adaptive capability. Level 2 was subdivided into different subjects based on 3 related components in level 1. Driving forces were divided into main characteristics such as illegal activities (logging, hunting), or negative impact from tourism activities. To assess the BMNP vulnerability, the research has a special focus on vulnerable fauna and flora species in the area, and is located in level 2 of the model. The adaptive capability of BMNP was also divided into sub-levels in level 2 (such as education, poverty). The third level of the model analysed in detail five different kinds of fauna and five different kinds of flora as vulnerable objects. All of those three levels with spatial data were classified and analyzed and overlaid with related weighted maps by using a Python syntax in the raster calculatorinterface.
Results
The results of AHP, analysing the driving forces of risk, showed that illegal activities in the BMNP constitute the main risk -totaling 73% of all risk. Here, illegal logging makes up about 44%, and illegal hunting composes about 29% of the total risk (see Table 4 ). In regards to the adaptive capacity of the BMNP, the results showed that both the poverty of the people in the buffer zone, and the management capacity of stakeholders in the BMNP, play an important role. The analysis showed that the state of poverty occupies about 29%, and the management capacity occupies about 26% of the total impact regarding the adaptive capacity of the BMNP (see Table 4 ).
Five vulnerable fauna, including: Lophura edwardsi, Rheinardia ocellata, Rupicapra rupicapra, Macaca nemestrina, and Ursus thibetanus; and five vulnerable floras, including: Anisoptera scaphula, Erythrophleum fordii, Sterculia lychnophora, Podocarpus annamiensis, Nageia fleuryi were analysed in detail. The results showed that the identified most vulnerable fauna was Rupicapra rupicapra, while Ansoptera scaphula is the most vulnerable flora.
Based on these weighting results, the spatial distribution of vulnerable objects for the ten different species was mapped to provide the weighted spatial distribution of vulnerable objects. Spatial analysis tools such as density, distance, classification, and weighted map algebra were mainly used for analysing spatial multi-criteria in the study. Figure 4 shows the vulnerable fauna and flora overlaid to display the density of endangered and precious species in the BMNP, and also in the Red List data of Vietnam. The color in the Figure changes from light green -which represents very low vulnerability object areas, to yellow -which represents medium vulnerability object areas, and finally to red -which represents high vulnerability object areas. 
Conclusion and Discussion
This paper highlights the initial results from a study aimed at producing a high-precision geo-database, which is very helpful for sustainably managing the BMNP. This helps stake-holders identify suitable actions to focus on the most important species, and ecosystems that are most vulnerable, and in the most important areas, which have the highest vulnerability. The main contribution of this study is the development of a vulnerability assessment model using a spatial multi-criteria approach, integrating both GIS and AHP.
However, not all collected data could be represented spatially in GIS. For example, not all of the fauna and flora of the National Park could be assessed for vulnerability; this was mainly due to a lack of statistical information and spatial data. As such, the vulnerable objects, which were assessed in this research, are purely a selection of the endangered and precious vulnerable fauna and flora to be found within the BMNP. Therefore, the vulnerability map is limited in that it does not show the entire spatial distribution of all vulnerable objects in the BMNP, but solely focuses on the 5 most vulnerable flora and the 5 most vulnerable fauna species. 
